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Summary
Objective: Mechanical forces are crucial for the maintenance of the morphologic and functional integrity of articular cartilage. The alteration of
the articular cartilage after spinal cord injury (SCI) has been described in relation to a suppression of mechanical forces, since the joint is
unloaded and restricted in movement. However, the morphological and biochemical characteristics of the cartilage after SCI are still poorly
understood. We identiﬁed the localization of cartilage alterations after SCI and veriﬁed the inﬂuence of mechanical forces on the articular
cartilage.
Method: A total of 32 Wistar rats were used. Sixteen animals underwent an SCI and 16 animals served as control. The articular cartilage of the
knee joint was assessed, respectively, at 4, 8, 10, and 12 weeks after intervention by histochemical, histomorphometric, immunohistochem-
ical, and biochemical analyses.
Results: Cartilage thickness of spinal cord-injured knees decreased at the tibial and posterior femoral (FP) regions and increased at the
anterior femoral (FA) region. Spinal cord injuries decreased the number of chondrocytes at the anterior regions and decreased the cartilage
matrix staining only at the tibial regions. Immunolabeling to collagen type II was noted comparably in the superﬁcial layer but noted weakly
from the middle to deep layer. Collagen type I existed excessively at the cartilage surface and the pericellular regions.
Conclusion: Cartilage alterations after SCI would not be explained by only a suppression of mechanical forces by unloading and immobiliza-
tion, but there may be inﬂuences on the cartilage in addition to the change in mechanical forces.
ª 2007 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Mechanical forces such as loading and movement are
a prerequisite for the development, aging, and maintenance
of the morphologic and functional integrity of articular
cartilage1e8. Many animal studies have documented that
unloading and immobilization cause multiple alterations to
articular cartilage including increased or decreased or un-
changed thickness of cartilage3,9e12, increase or decrease
in the number of chondrocytes13e15, reduced proteoglycan
content2,10e12,14,16e18, and elevated or unchanged collagen
content17,19e22. The results of these animal studies have in-
dicated that cartilage alterations differ between cartilage re-
gions, based on mechanical forces speciﬁc for each region.
In addition, O’Connor3 conﬁrmed different patterns of alter-
ations between with and without immobilization during
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392In patients with spinal cord injury (SCI), the lower limb
joints are unloaded and restricted in movement6,7. There-
fore, cartilage alterations after SCI have been described in
relation to alterations obtained on various animal models
with the suppression of mechanical forces by unloading
and immobilization6,7,23. There have been suggestions
that the articular structures of these patients exhibit contrac-
tures23e25, osteoarthritis7, alterations of the periarticular
connective tissue23, joint space narrowing, overgrowth of
the epiphyses, periarticular osteoporosis26, joint effu-
sion27e29, and heterotopic ossiﬁcation30,31. Only three prior
studies have directly assessed the inﬂuence of SCI on the
articular cartilage. Enneking and Horowitz23 observed histo-
logically on the sagittal section stained with hematoxylin
and eosin in a human knee joint with SCI of 3 and 1-1/2
years’ duration and found that the articular cartilage was
normal. Unlike this report, Vanwanseele et al.6,7 identiﬁed
the progressive thinning of the human knee cartilage after
SCI. These annual changes exceeded the changes during
normal aging by a factor of >20:1 and the changes reported
in patients with osteoarthritis by a factor of 2:17. Owing to
the discrepancies among these results so far, alterations
of the articular cartilage after SCI are controversial and
remain elusive.
393Osteoarthritis and Cartilage Vol. 16, No. 3The primary goal of this study was to identify the localiza-
tion of cartilage alterations after SCI. To reach our goal, we
examined the knee cartilage of a rat model with SCI that
mimics the natural and longitudinal process in humans
with SCI in the absence of normal joint loading and move-
ment24,25, and applied histochemical, histomorphometric,
immunohistochemical, and biochemical techniques to verify
the inﬂuence of mechanical forces on the articular cartilage.
To quantify histologic alterations of cartilage regions which
were determined by mechanical forces associated with joint
loading and movement, we selected the following three his-
tologic characteristics: thickness of the articular cartilage,
number of chondrocytes, and matrix staining to toluidine
blue as a reﬂection of proteoglycan content. Furthermore,
we assessed the distribution and content of collagen which
is key to the understanding of cartilage alterations using
immunoassay analysis.Fig. 1. Diagrams of four articular cartilage regions in rat knee joints.
Cartilage regions were deﬁned according to their positions inMaterials and methods
embedded joints where the knee joint was positioned at an angle
of 125 (A). The FA and TA regions were deﬁned as the regionsEXPERIMENTAL DESIGN
of articular cartilage located between the inner edges of the anterior
and posterior meniscal horns. The edge of the FP region was
located 20 mm beyond the outer edge of the posterior meniscal
horn. The TP cartilage was located adjacent to the posterior horn
of the meniscus. The location of the cartilage regions when the
knee is ﬂexed (B). Cartilage regions: FA, FP, TA, TP.This study was carried out in accordance with the guide for the institutional
committee of laboratory animals. Thirty-two 8-week-old female Wistar rats
(CLEA Japan Inc., Tokyo, Japan), weighing 162e194 g, were chosen. Four
animals in the SCI group and two each in the sham- and nonoperated groups
formed a one-time cohort. Four-time cohorts were assessed relative to the
time after intervention, and they were 4, 8, 10, and 12 weeks. The right and
the left knee joints served as different samples. The animals were maintained
under artiﬁcial conditions at 23 1C, with a constant humidity of 55 5%,
a cycle of 12 h light and 12 h dark, and free access to food and tap water.SURGICAL PROCEDURES AND POSTOPERATIVE CARESurgical procedures and postoperative care conformed to our previous re-
ports24,25. The 16 SCI animals were anesthetized by intraperitoneal admin-
istration of 40 mg/kg sodium pentobarbital. After the spinal cord was
exposed by a laminectomy of the T8 vertebra, it was completely transected
at the level of T8 with a no. 11 scalpel blade. The eight rats in the sham-op-
erated group were anesthetized with the same quantity of intraperitoneal so-
dium pentobarbital administration as the SCI group. A laminectomy of the T8
vertebra without spinal cord transaction was carried out as a sham-operation.
In addition, the eight rats in the nonoperated group had no intervention and
were used to distinguish the effect of the surgery. The SCI animals’ bladders
were compressed manually twice daily, and the skin was wiped with diluted
0.1% chlorhexidine diacetate (SigmaeAldrich Co., St. Louis, MO, USA) to
prevent urine scald. During surgery and throughout the experimental period,
the knee joint was not violated.QUANTITATIVE HISTOLOGYAt the end of the experimental period, the animals of half the number in each
time cohort (two rats in the SCI group and one each in the sham- and nonop-
erated groups) were anesthetized by intraperitoneal sodium pentobarbital ad-
ministration. While under general anesthesia, the animals were perfused from
ascending aortawith 4%paraformaldehyde in phosphate buffered saline at pH
7.4. The knee joints including the patella and joint capsule were resected and
kept in the same ﬁxative for an additional 18 h at 4C. The ﬁxed specimens
were decalciﬁed with 10% ethylenediaminetetraacetic acid in 0.1 M trishy-
droxy methyl amino methane hydrochloric acid (TriseHCl), pH 7.4 for 42e89
days at 4C. After decalciﬁcation, the specimens were embedded in parafﬁn.
The embedded tissues were aligned so that sagittal plane sections were cut
in the proximal-to-distal direction at a thickness of 5 mm. Standardized serial
sections were collected from the central tibiofemoral contact area beginning
at the inner edge of the medial meniscus toward the center of the joint3,8.
We quantiﬁed the histologic alteration of the articular cartilage by slight
modiﬁcation of the method according to Trudel et al.8. Four articular cartilage
regions of the knee joint were measured as described by O’Connor3 (Fig. 1).
The anterior femoral (FA) cartilage is adjacent to the anterior capsule at un-
apposed regions (no contact between cartilage surfaces) of the ﬂexed knee.
The posterior femoral (FP) region is the dominant weight-bearing area of the
femur32 and is located at apposed regions (where the articular cartilages of
two bones contact each other) when the knee is ﬂexed to 65, which is the
typical ﬂexion angle for weight-bearing rats during quiet standing. The
weight-bearing surface of the tibia is distributed across both the anterior tibial(TA) and posterior tibial (TP) regions. The slides were coded with randomly
generated numbers to blind the investigator to the group designation during
subsequent measurements and only after all slides had been assessed was
the original identiﬁcation of each slide revealed.
Articular cartilage thickness was measured on the sections stained with
toluidine blue. Cartilage thickness was deﬁned as the distance between
the cartilage surface and the osteochondral junction. Images of the cartilage
from stained slides at each region were imported directly onto the computer
screen from a light microscope (BX51; Olympus Co., Tokyo, Japan) that was
interfaced with the computer system through a camera (DP70; Olympus
Co.). The images were viewed through a 4 microscope objective and re-
corded as a TIFF ﬁle. All images were calibrated so that the size of a pixel
was 1.0 mm with Adobe Photoshop CS2 (Adobe Systems Inc., San Jose,
CA, USA). At each region (FA, FP, TA, and TP regions), a 1 mm-long stretch
of the cartilage surface was deﬁned and the area of the cartilage under this
stretch was measured, following the osteochondral junction with the Image
Tool software (Scion Image Beta 4.03; Scion Corporation, Frederick, MD,
USA). The mean thickness of the cartilage was calculated by dividing the
area by its width, that is, by 1 mm. When the area contained noncartilaginous
tissues, the noncartilaginous mean thickness was measured separately.
Histologic sections stained with safranin-O fast green were digitized by
a 20 microscope objective with a light microscope and a camera. The stan-
dardized rectangular ﬁeld (90 mm deep and 400 mm long) was superimposed
over the histologic sections. At each of the four cartilage regions, we counted
manually chondrocytes within the rectangular ﬁeld. The cell density was cal-
culated by the total number of chondrocytes per square millimeter. Chondro-
cytic lacunae with pyknotic or absent nuclei were interpreted as chondrocyte
death (by apoptosis or necrosis)8 and were not counted.
Decreased matrix density with toluidine blue staining strongly correlates
with a decrease in proteoglycan content8,33. Under standardized light condi-
tions, the histologic sections stained with toluidine blue were digitized as per
the measurement of cartilage thickness. At each of the four regions, the den-
sity of cartilage matrix staining with toluidine blue was measured with the Im-
age Tool software. Intense metachromatic areas at 30 evenly spread points
within the standardized rectangular ﬁeld were measured automatically: on
digitized images, intense metachromatic areas were the darkest on a gray
scale, where white is 0 and black is 255. The average staining intensity of
the 30 points constituted the matrix staining.COLLAGEN IMMUNOHISTOCHEMICAL ANALYSISWe assessed the distribution of collagen type II and type I in the articular
cartilage using enzyme-conjugated polymer techniques. When the medial
mid-condylar histologic sections were used, the whole surface of femoral, tib-
ial, and patellar cartilage failed to be identiﬁed simultaneously over the same
section. Therefore, on standardized lateral mid-condylar sections, we
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treated with 0.5% bovine testicular hyaluronidase (SigmaeAldrich Co.) in tris
buffered saline (TBS) (pH 7.6) for 60 min at 20C. They were incubated for
18 h at room temperature with either rabbit polyclonal anti-rat collagen
type II (1:500) or type I (1:1000) antibody (Novotec, Lyon, France) diluted
in TBS with 3% bovine serum albumin (BSA) and 1% normal goat serum.
Nonspeciﬁc binding was eliminated with 3% BSA and 0.9% NaCl in TBS
for 20 min at room temperature, and endogenous peroxydase was inacti-
vated with 3% BSA and 5% H2O2 in TBS for 20 min. The slides were then
incubated with ENVISIONþ, Rabbit/HRP (Dako Japan Inc., Kyoto, Japan)
for 45 min at room temperature. Color was developed with 3,30-diaminoben-
zidine tetrahydrochloride (DABþ; Dako Japan Inc.). Sections were ﬁnally
counterstained with Harris’s hematoxylin, washed in water, and coverslip-
ped. Control staining was performed by omitting the primary antibody. All
slides were stained for each primary antibody in one session (same day,
same reagents, and same protocol). The slides were randomly labeled,
and the observer was blinded as to which cartilage was examined.COLLAGEN BIOCHEMICAL ANALYSISWe assessed the levels of collagen type II and type IX in the rat articular
cartilage using Western blot. At the end of the maintenance intervals, the an-
imals of half the number in each time cohort were euthanized with an overdose
of diethyl ether. Cartilage samples of the femur, tibia, and patella were pulver-
ized in liquid nitrogen and homogenized in 5 volume/wet-weight of ice-cold
homogenization buffer containing 0.05 M TriseHCl (pH 7.4), 0.15 MNaCl, 1%
Triton X-100, and protease inhibitors (Complete, protease inhibitor cocktails;
Roche Diagnostics, Basel, Switzerland). The bicinchoninic acid protein as-
say34 was used to determine the total protein concentration in the cartilage
samples. Protein samples (10 mg each) were separated electrophoretically
on 7.5% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(Slab Electrophoresis Chamber AE-6200; ATTO Co., Tokyo, Japan) and
transferred onto a polyvinylidene diﬂouride membrane with a semi-dry blotting
apparatus (HorizBlot AE-6677; ATTO Co.) The blots were incubated with ei-
ther the goat polyclonal anti-human collagen a1 type II (1:500; Santa Cruz Bio-
technology, Inc., Santa Cruz, CA, USA) or the mouse monoclonal anti-human
collagen a1 type IX (1:2500; Daiichi Fine Chemical Co., Toyama, Japan) in
TBS-Tween for 60 min at room temperature. Horseradish peroxidase-labeled
donkey anti-goat IgG for collagen type II (1:25,000; Santa Cruz Biotechnology,
Inc.) or sheep anti-mouse IgG for collagen type IX (1:5000; Amersham Biosci-
ences, Buckinghamshire, England) was used for 60 min at room temperature.
The reaction was developed with the enhanced chemiluminescence assay
(ECLþWestern Blotting Detection System; Amersham Biosciences). The sig-
nals were analyzed by measuring the densities of the immunoreactive bands
relative to the sample in the nonoperated group of 4weekswith the Image Tool
software.STATISTICAL ANALYSISStatistical analyses were conducted with SPSS 11.5J for Windows (SPSS
Japan Inc., Tokyo, Japan). All values in the text and table are presented here
as median and range. Results of histomorphometry and Western blot were
compared between the groups at each time point with ManneWhitney U
test or a length of the 95% conﬁdence interval not overlapping zero. For test-
ing differences among the four-time cohorts, KruskaleWallis H statistic with
post hoc ManneWhitney U tests was applied. Post hoc correction for multi-
ple comparisons was conducted by the control for False Discovery Rate35.
An alpha of less than 0.05 was chosen as the signiﬁcance level for all statis-
tical analyses. When comparisons were signiﬁcant, the power to detect a sig-
niﬁcant difference between the groups was calculated.Table
Mean thickness of FA, FP, TA,
Regions Groups 4 weeks 8 wee
FA Control 141.5 (131.9, 151.5) 128.6 (120.9
SCI 178.1 (171.4, 185.3)* 221.6 (201.1
FP Control 293.2 (261.3, 308.0) 295.1 (250.0
SCI 196.0 (183.6, 215.5)y 200.1 (184.9
TA Control 273.8 (243.1, 281.4) 269.7 (260.4
SCI 238.7 (213.3, 270.1) 220.5 (192.4
TP Control 232.7 (207.0, 254.9) 250.7 (245.4
SCI 179.2 (139.1, 244.4) 192.8 (164.6
Displacement values are given as median (range) mm.
*Cartilage was signiﬁcantly thicker in the SCI group than in the contro
yCartilage was signiﬁcantly thinner in the SCI group than in the controResultsANIMALSRats with SCI crawled and dragged the hindlimbs
throughout the experimental period. The animal moved
around the cage by walking on its forelimbs and unable to
support weight on plantar placement. The knee after SCI
was in a more ﬂexed position, as disclosed by our previous
reports24,25, and the hindlimbs’ dragging loaded the anterior
knee. Kick movements, which were deﬁned as spasticity36,
were often observed after 2 weeks. Involuntary slight move-
ments of hip and/or knee joints were apparent after 4
weeks. After that, we found no further changes in the
hindlimb movement until 12 weeks.
All animals demonstrated normal behavior before surgery,
and the sham-operated animals had no observable deﬁcits at
any time during the experimental period after laminectomy as
well as the nonoperated animals. For all outcome measures,
given the lack of differences between sham- and nonoper-
ated knees (conﬁdence interval including the null), the results
were combined to form one comparison (control) group
against which the effects of SCI were examined.CARTILAGE HISTOMORPHOMETRYThere were no ﬁssures, erosions, or abrasions in the fem-
oral, tibial, and patellar articular cartilage.
The mean cartilage thickness for the FA, FP, TA, and TP
regions are shown in Table I. Articular cartilage at the FA
region was signiﬁcantly thicker in the SCI group than in the
control group at all time points [4 weeks, 26%, power¼ 94.6;
8 weeks, 65%, power¼ 99.97; 10 weeks, 57%, power¼
99.6; 12 weeks, 62%, power¼ 99.9; P< 0.05; Fig. 2(A,B)].
Conversely, the FP cartilage was thinner in SCI rats than in
control rats at all time points [4 weeks, 32%, power¼ 99.9;
8 weeks, 31%, power¼ 99.4; 10 weeks, 35%, power¼ 99.4;
12 weeks, 33%, power¼ 99.997; P< 0.05; Fig. 2(C,D)], and
the TA and TP cartilage was thinner in SCI rats at 8 and 12
weeks (8 weeks, 18% and 22%, both power¼ 96.0; 12
weeks, 20%, power¼ 86.5 and 29%, power¼ 99.9; respec-
tively, P< 0.05). Although the cartilage thickness showed no
signiﬁcant difference among any time points at the FP, TA,
and TP regions in the SCI group (P> 0.05), time had a statis-
tically signiﬁcant effect on the cartilage thickness at the FA
region (P¼ 0.02). The FA thickness signiﬁcantly increased
between 4 and 8 weeks and decreased between 8 and 12
weeks. On microscopic examination, the subchondral bone
penetrating into the cartilage was observed at the FP, TA,
and TP regions, especially at the FP region. While theI
and TP articular cartilage
ks 10 weeks 12 weeks
, 154.8) 125.7 (105.8, 163.4) 121.3 (112.5, 127.3)
, 232.3)* 204.5 (183.6, 225.2)* 195.3 (189.0, 200.3)*
, 325.2) 267.8 (241.0, 306.5) 295.6 (285.0, 310.4)
, 224.4)y 177.2 (137.3, 212.5)y 202.7 (173.6, 216.9)y
, 274.3) 261.7 (249.3, 342.7) 325.1 (280.1, 343.2)
, 244.9)y 264.4 (177.6, 310.2) 262.7 (212.0, 277.5)y
, 251.9) 230.0 (200.0, 254.7) 269.8 (247.2, 274.7)
, 233.3)y 203.5 (162.1, 259.7) 194.1 (166.5, 199.6)y
l group.
l group.
Fig. 2. Photomicrographs of the FA (A and B, 8 weeks) and FP cartilage (C and D, 12 weeks) in the knee joint of rats. The FA cartilage was
thicker in the SCI group than in the control group. The thickness at the FP region decreased and the subchondral bone penetrating into the
cartilage was prominent. Noncartilaginous tissues (arrows). Toluidine blue staining (AeD). Immunohistochemical detection of the distribution
of collagen type II in the FP cartilage (E and F, 10 weeks) and type I in the FA cartilage (G and H, 12 weeks). In the SCI cartilage, immuno-
staining to collagen type II showed moderate labeling in the superﬁcial layer but slightly weak labeling from the middle to deep layer.
Immunostaining to collagen type I showed intense labeling at the cartilage surface and the pericellular regions. Scale bars¼ 200 mm
(AeF), 100 mm (G and H).
Fig. 3. Western blots of collagen type II (top) and type IX (bottom) in the articular cartilage of rat knee joints. Neither levels of collagen type II
nor type IX presented any signiﬁcant differences between the groups at all time points.
396 H. Moriyama et al.: Cartilage after spinal cord injurynoncartilaginous tissues were rarely seen at the FA, TA, and
TP regions, they were present at the FP region. The noncar-
tilaginous mean thickness at the FP region of SCI knees
reached 82.8 (62.1e91.0) mm at 4 weeks, 106.9
(55.7e135.8) mm at 10 weeks, and 124.1 (104.5e139.0)
mm at 12 weeks.
At the FA region, we counted signiﬁcantly fewer chondro-
cytes in SCI knees compared with that of control knees at
all time points (4 weeks, 1666.7 [1555.6e1777.8] vs
2000.0 [1805.6e2555.6] per sq mm, power¼ 70.9; 8
weeks, 1388.9 [1222.2e1444.4] vs 2319.4 [2083.3e
2500.0] per sq mm, power¼ 99.99; 10 weeks, 1541.7
[1166.7e1611.1] vs 2222.2 [1750.0e2444.4] per sq mm,
power¼ 95.1; 12 weeks, 1541.7 [1444.4e1777.8] vs
2236.1 [1833.3e2416.7] per sq mm, power¼ 97.5;
P< 0.05). There was a statistically signiﬁcant effect of
time at the FA region of the SCI knee (P¼ 0.04), and the
number of chondrocytes signiﬁcantly decreased between
4 and 8 weeks and increased between 8 and 12 weeks
for SCI knees. Also, at this region in SCI knees, there
was an abundant number of lacunae without nuclei corre-
sponding to chondrons interpreted as dead chondrocytes
[clear ‘‘holes’’ within the dark background in Fig. 2(B)].
The TA cartilage in SCI knees contained signiﬁcantly fewer
chondrocytes than in control knees at 10 weeks (1722.2
[1527.8e1861.1] vs 2138.9 [2027.8e2250.0] per sq mm,
power¼ 99.8, P¼ 0.02). Otherwise there was no difference
between the groups (P> 0.05).
The cartilage matrix staining to toluidine blue of the SCI
femur (FA and FP regions) showed no difference compared
with that of control ones at any time point (P> 0.05). Carti-
lage matrix of SCI tibia stained signiﬁcantly less than that of
control at 8 weeks (TA region, 200.2 [196.2e201.7] vs
207.6 [203.0e210.2] density units, power¼ 95.6; TP region,
194.8 [192.7e200.6] vs 203.2 [198.3e207.8] density units,
power¼ 77.4; P< 0.05). The TA region matrix of SCI tibia
also stained less than did that of control at 12 weeks
(204.6 [197.4e207.8] vs 210.9 [209.6e218.8] density units,
power¼ 80.3; P¼ 0.02). Time had no effect on the matrix
density of the SCI knee joint (P> 0.05).DISTRIBUTION OF COLLAGENQualitatively, the articular cartilage in the femur and
tibia showed a constant difference of the antibody binding
to collagen between the groups at any region, although
the appearance in the patellar cartilage showed no
difference.
In the control cartilage, collagen type II was present in
large quantities over all layers. In the SCI cartilage, immu-
nolabeling to collagen type II was noted comparably in the
superﬁcial layer but noted weakly from the middle to deeplayer [Fig. 2(E,F)]. The staining intensity and the pattern
of antibody binding showed no difference with time.
In the control group the cartilage surface solely bound the
antibody to collagen type I, whereas in the SCI group the
cartilage surface and the pericellular regions clearly bound
the antibody [Fig. 2(G,H)].LEVELS OF COLLAGENThe immunoblot of collagen type II and type IX in the
combined articular cartilage from the femoral, tibial, and pa-
tellar cartilage is shown in Fig. 3. Although the signal for col-
lagen type II and type IX antigens was detected in all
samples, there were no signiﬁcant differences when com-
paring control with SCI group and time effect among four
cohorts (P> 0.05).Discussion
The goal of this study was to identify the localization of
cartilage alterations after SCI. Our results indicate that car-
tilage alterations after SCI exhibit the changes of the
cartilage thickness, the decrease in the number of chondro-
cytes and the cartilage matrix staining, and the abnormality
in the distribution of collagen type II and type I. These alter-
ations differed between cartilage regions where the knee
joint was placed in a ﬂexed position.
One of the hallmarks of our ﬁndings was the changes in
cartilage thickness. The mean cartilage thickness after
SCI increased at unapposed regions (FA region) of the
ﬂexed knee joint and decreased at apposed regions (FP,
TA, and TP regions). After unloading with immobilization, in-
creased or decreased or unchanged thickness of the artic-
ular cartilage has been reported in various animal
models3,9e12. These contradictory results can be explained
by a difference in immobilized positions (ﬂexion or exten-
sion), animal species, or measurement regions. Knee joints
of SCI rats are unloaded and restricted in ﬂexion. Mechan-
ical conditions in the knee cartilage of our rat models with
SCI compared favorably with those from O’Connor3. There-
fore, to verify the inﬂuence of unloading and immobilization
on the articular cartilage after SCI, we measured at four car-
tilage regions (FA, FP, TA, and TP regions) as described by
her. She examined the knee cartilage of rat models of un-
loading combined with nonrigid immobilization in ﬂexion
and measured the cartilage thickness between the cartilage
surface and the osteochondral junction. After 4 weeks, the
cartilage thickness in the unloading combined with re-
stricted movement increased by 15e22% at the FA region
and by 10% at the TA region, although there were no
changes at the FP and TP regions3. Our results are
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by the suppression of mechanical forces. Based on the ex-
amination obtained by light microscopy, the thinning of knee
joint cartilage was mostly implicated in the subchondral
bone penetrating into the cartilage. Carter et al.37e39 postu-
lated that the advancement of the subchondral bone front
toward the joint surface is inhibited by intermittent hydro-
static pressure generated in the deep layers of cartilage
during cyclic loading associated with weight bearing and
transarticular muscular contractions. In the SCI rat, the hin-
dlimb joints were unloaded, and muscular contractions
related to spasticity (involuntary movements and agoni-
steantagonist
co-contractions) different from normal contractions were
present. Consequently, the inhibition may decrease at ap-
posed regions and increase at unapposed regions, follow-
ing a disorder of the inhibition by intermittent hydrostatic
pressure. Vanwanseele et al.6,7 found the thinning of the
human knee cartilage after SCI using three-dimensional
magnetic resonance imaging. Although this thinning is com-
patible with those found in this study, we further identiﬁed
the pathogenesis of the thinning and conﬁrmed contrasting
differences between the FA and FP regions.
We have shown that the number of chondrocytes de-
creases at the anterior regions, especially at the FA region
(unapposed regions). In contrast, Thaxter et al.13 reported
fewer chondrocytes at apposed regions of the ﬂexed knee
but not at unapposed regions after unloading with immobili-
zation. Furthermore, they observed noncartilaginous tis-
sues only within unapposed regions13. These results are
not also in line with ours.
Mechanical forces have great inﬂuence on the synthesis
and rate of turnover of proteoglycans4. Depletion of proteo-
glycan is one consistent feature of cartilage alterations ob-
served in various animal models with the suppression of
mechanical forces2,10e12,14,16e18. After unloading with im-
mobilization, reductions in the proteoglycan content at
unapposed regions were more severe than those of ap-
posed regions2,16. However, in this study SCI diminished
the proteoglycan content only at apposed regions (medial
tibial condyle) but not at unapposed regions.
In the femoral and tibial cartilage, immunolabeling to col-
lagen type II was noted comparably in the superﬁcial layer
but noted weakly from the middle to deep layer, although
no signiﬁcant differences in the combined articular cartilage
from the femoral, tibial, and patellar cartilage were detected
by Western blot. This result of the immunohistochemical
analysis conﬂicts with the changes obtained in osteoarthritis
(a decrease in the superﬁcial layer and a retention from the
middle to deep layer)5. SCI patients develop occasionally
osteoarthritis7 but may differ in nature. Finsterbush and
Friedman40 compared articular changes after peripheral de-
nervation with those after immobilization, and found speciﬁc
changes caused by neurectomy; degeneration in the middle
layers of cartilage, suggesting that nutritional deﬁciency
was involved. Although this ﬁnding is similar to those ob-
served in our study, it is currently unclear whether or not
an inﬂuence through nerve tissues lies between our results.
In the SCI cartilage, the pericellular regions in the superﬁcial
layer were labeled for collagen type I. This ﬁnding is indic-
ative of the abnormality of extracellular matrix synthesis in
chondrocytes5. Furthermore, the articular cartilage where
collagen type I is excessively synthesized is vulnerable
and leads to tissue destruction5.
Study limitations include small sample size and limited
statistical power, precluding ruling out chance ﬁndings.
Whether the results represent a random ﬁnding due to thesmall sample size or are due to, for example, the dragging
load on the anterior knee after SCI remains open for
discussion.
In conclusion, our ﬁndings exhibit properties characteris-
tic of the articular cartilage after SCI. Although knee joints of
SCI rats are unloaded and restricted in movement, our re-
sults are inconsistent with the cartilage alterations in the ab-
sence of mechanical forces. Cartilage alterations after SCI
would not be explained by only a suppression of mechani-
cal forces by unloading and immobilization, but there may
be inﬂuences on the cartilage in addition to the change in
mechanical forces.Acknowledgements
We thank Professor Tsuneji Murakami for his advice and
expertise; Dr Nobuyuki Kumahashi for their skilled technical
assistance; Dr Junya Ozawa for helpful discussions; and
Professor Kazuho Hosoda for critical review of the
manuscript.References
1. Sood SC. A study of the effects of experimental immobilisation on rabbit
articular cartilage. J Anat 1971;108:497e507.
2. Sa¨a¨ma¨nen AM, Tammi M, Jurvelin J, Kiviranta I, Helminen HJ. Proteo-
glycan alterations following immobilization and remobilization in the
articular cartilage of young canine knee (stiﬂe) joint. J Orthop Res
1990;8:863e73.
3. O’Connor KM. Unweighting accelerates tidemark advancement in artic-
ular cartilage at the knee joint of rats. J Bone Miner Res 1997;12:
580e9.
4. Arokoski JP, Jurvelin JS, Vaatainen U, Helminen HJ. Normal and path-
ological adaptations of articular cartilage to joint loading. Scand J Med
Sci Sports 2000;10:186e98.
5. Fujii K, Inoue H. Biology of Bone and Cartilage, Application of Basic Sci-
ence for Practice Medicine. Tokyo: Kanehara Co. 2002.
6. Vanwanseele B, Eckstein F, Knecht H, Stussi E, Spaepen A. Knee car-
tilage of spinal cord-injured patients displays progressive thinning in
the absence of normal joint loading and movement. Arthritis Rheum
2002;46:2073e8.
7. Vanwanseele B, Eckstein F, Knecht H, Spaepen A, Stussi E. Longitudi-
nal analysis of cartilage atrophy in the knees of patients with spinal
cord injury. Arthritis Rheum 2003;48:3377e81.
8. Trudel G, Himori K, Uhthoff HK. Contrasting alterations of apposed and
unapposed articular cartilage during joint contracture formation. Arch
Phys Med Rehabil 2005;86:90e7.
9. Jurvelin J, Kiviranta I, Tammi M, Helminen JH. Softening of canine artic-
ular cartilage after immobilization of the knee joint. Clin Orthop Relat
Res 1986;207:246e52.
10. Kiviranta I, Jurvelin J, Tammi M, Sa¨a¨ma¨nen AM, Helminen HJ. Weight
bearing controls glycosaminoglycan concentration and articular carti-
lage thickness in the knee joints of young beagle dogs. Arthritis
Rheum 1987;30:801e9.
11. Haapala J, Arokoski JP, Hyttinen MM, Lammi M, Tammi M, Kovanen V,
et al. Remobilization does not fully restore immobilization induced ar-
ticular cartilage atrophy. Clin Orthop Relat Res 1999;362:218e29.
12. Leroux MA, Cheung HS, Bau JL, Wang JY, Howell DS, Setton LA. Al-
tered mechanics and histomorphometry of canine tibial cartilage fol-
lowing joint immobilization. Osteoarthritis Cartilage 2001;9:633e40.
13. Thaxter TH, Mann RA, Anderson CE. Degeneration of immobilized knee
joints in rats; histological and autoradiographic study. J Bone Joint
Surg Am 1965;47:567e85.
14. Paukkonen K, Helminen HJ, Tammi M, Jurvelin J, Kiviranta I,
Sa¨a¨ma¨nen AM. Quantitative morphological and biochemical investi-
gations on the effects of physical exercise and immobilization on
the articular cartilage of young rabbits. Acta Biol Hung 1984;35:
293e304.
15. Paukkonen K, Jurvelin J, Helminen HJ. Effects of immobilization on the
articular cartilage in young rabbits. A quantitative light microscopic
stereological study. Clin Orthop Relat Res 1986;206:270e80.
16. Slowman SD, Brandt KD. Composition and glycosaminoglycan metabo-
lism of articular cartilage from habitually loaded and habitually un-
loaded sites. Arthritis Rheum 1986;29:88e94.
17. Sa¨a¨ma¨nen AM, Tammi M, Kiviranta I, Jurvelin J, Helminen HJ. Matura-
tion of proteoglycan matrix in articular cartilage under increased and
398 H. Moriyama et al.: Cartilage after spinal cord injurydecreased joint loading. A study in young rabbits. Connect Tissue Res
1987;16:163e75.
18. Haapala J, Lammi MJ, Inkinen R, Parkkinen JJ, Agren UM, Arokoski J,
et al. Coordinated regulation of hyaluronan and aggrecan content in
the articular cartilage of immobilized and exercised dogs. J Rheumatol
1996;23:1586e93.
19. Videman T, Eronen I, Candolin T. [3H]proline incorporation and hydrox-
yproline concentration in articular cartilage during the development of
osteoarthritis caused by immobilization. A study in vivo with rabbits.
Biochem J 1981;200:435e40.
20. Tammi M, Sa¨a¨ma¨nen AM, Jauhiainen A, Malminen O, Kiviranta I,
Helminen H. Proteoglycan alterations in rabbit knee articular cartilage
following physical exercise and immobilization. Connect Tissue Res
1983;11:45e55.
21. Tammi M, Kiviranta I, Peltonen L, Jurvelin J, Helminen HJ. Effects of
joint loading on articular cartilage collagen metabolism: assay of pro-
collagen prolyl 4-hydroxylase and galactosylhydroxylysyl glucosyl-
transferase. Connect Tissue Res 1988;17:199e206.
22. Mu¨ller FJ, Setton LA, Manicourt DH, Mow VC, Howell DS, Pita JC. Cen-
trifugal and biochemical comparison of proteoglycan aggregates from
articular cartilage in experimental joint disuse and joint instability.
J Orthop Res 1994;12:498e508.
23. Enneking WF, Horowitz M. The intra-articular effects of immobilization
on the human knee. J Bone Joint Surg Am 1972;54:973e85.
24. Moriyama H, Yoshimura O, Sunahori H, Nitta H, Imakita H, Saka Y, et al.
Progression and direction of contractures of knee joints following spi-
nal cord injury in the rat. Tohoku J Exp Med 2004;204:37e44.
25. Moriyama H, Yoshimura O, Sunahori H, Tobimatsu Y. Comparison of
muscular and articular factors in the progression of contractures after
spinal cord injury in rats. Spinal Cord 2006;44:174e81.
26. Richardson ML, Helms CA, Vogler JB 3rd, Genant HK. Skeletal changes
in neuromuscular disorders mimicking juvenile rheumatoid arthritis
and hemophilia. AJR Am J Roentgenol 1984;143:893e7.
27. Varghese G, Chung TS. Benign hydroarthrosis of knee in patients with
spinal cord injury. Arch Phys Med Rehabil 1976;57:468e9.28. Levi R, Hultling C, Nash MS, Seiger A. The Stockholm spinal cord injury
study: 1. Medical problems in a regional SCI population. Paraplegia
1995;33:308e15.
29. Betz R, Boden B, Triolo R, Mesgarzadeh M, Gardner E, Fife R. Effects of
functional electrical stimulation on the joints of adolescents with spinal
cord injury. Paraplegia 1996;34:127e36.
30. Furman R, Nicholas JJ, Jivoff L. Elevation of the serum alkaline phos-
phatase coincident with ectopic-bone formation in paraplegic patients.
J Bone Joint Surg Am 1970;52:1131e7.
31. Hassard GH. Heterotopic bone formation about the hip and unilateral
decubitus ulcers in spinal cord injury. Arch Phys Med Rehabil 1975;
56:355e8.
32. Kato M, Onodera T. Observation on the development of osteochondro-
sis in young rats. Lab Anim 1986;20:249e56.
33. Poole AR. The relationship between toluidine blue staining and hexur-
onic acid content of cartilage matrix. Histochem J 1970;2:425e30.
34. Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner FH,
Provenzano MD, et al. Measurement of protein using bicinchoninic
acid. Anal Biochem 1985;150:76e85.
35. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical
and powerful approach to multiple testing. J R Statist Soc B 1995;57:
289e300.
36. van de Meent H, Hamers FP, Lankhorst AJ, Buise MP, Joosten EA,
Gispen WH. New assessment techniques for evaluation of posttrau-
matic spinal cord function in the rat. J Neurotrauma 1996;13:741e54.
37. Carter DR, Wong M. The role of mechanical loading histories in the de-
velopment of diarthrodial joints. J Orthop Res 1988;6:804e16.
38. Carter DR, Wong M. Mechanical Stresses in Joint Morphogenesis and
Maintenance. In: Mow VC, Ratcliff A, Woo SL-Y, Eds. Biomechanics of
Diarthrodial Joints. New York: Springer-Verlag 1990;Volume 2:155e74.
39. Carter DR, Wong M, Orr TE. Musculoskeletal ontogeny, phylogeny, and
functional adaptation. J Biomech 1991;24:3e16.
40. Finsterbush A, Friedman B. The effect of sensory denervation on rab-
bits’ knee joints. A light and electron microscopic study. J Bone Joint
Surg Am 1975;57:949e56.
